Abstract: To estimate mean annual water yield on ungauged watersheds, regional regression equations have been developed that are a function of upstream area, precipitation, and temperature, and are commonly used. In this study, the 100-year old Grunsky equation is used as the foundation for a fully implemented generalized Mediterranean water yield model that is based on long-term annual precipitation and temperature. The work here (1) extends and generalizes Grunsky's equation beyond its original conditions, (2) establishes an underlying hydro-climate generalized model for average annual Mediterranean watershed water yield and loss calculation, and (3) applies the validated model to estimate watershed water yield and predict potential water yield response to watershed temperature and precipitation. The water yield model was applied to watersheds in coastal California, southern France, and Portugal, but might be applied to other Mediterranean sites for which precipitation and temperature data are available. It also can be used to examine the spatial and temporal variability for water yield and predict the effects of long-term climate changes at the regional scale.
Introduction

Grunsky's Equations
A recurring and almost classic task in surface water hydrology is the estimation of long-term annual yield (or flow) from ungauged watersheds. The unfortunate fact is that there is no single good, easy, confident method to do it, and most watersheds are ungauged. The gauged stream is a rare exception. However, total surface water yield is a frequently sought basic measure of the available water resource, and serves as a point of departure for more detailed water budgeting, including ground water studies. For example, in reservoir planning, no matter how clever the operation is, or how large the storage is, no more can be withdrawn over the long run than what flows in (i.e., the average annual flow). Thus, a basin's water yield is the upper limit of possible water resource development. It is also necessary for describing river flows of shorter durations or distributions, as well as for water quality or sediment studies. It is an essential component of a basin's hydrologic budget.
The basic considerations are precipitation into the watershed, and water losses via evaporation and vegetative water use. The residual that escapes the losses is water yield, seen as stream flow, or
where P = average annual precipitation; Q = average annual runoff; and L = watershed losses via evapotranspiration. In general, the units are in L=T; historic work was in in:=year.
Grunsky's Assertions
As a part of the emerging science of hydrology and the development of the nation's water resources, there was a blossoming of interest in the topic in the early 1900s. The problem was faced by planners looking to enhance local water supply in the San Francisco peninsula, and Grunsky (1908) made the following paraphrased observation from his experiences and the limited information at his disposal: "The percent of annual rain that becomes runoff is equal to the inches of rainfall, up to 50 inches of rain," and "above 50 inches, the runoff is the rain less 25 inches." The first of these assertions becomes Q=P ¼ P=100, leading easily to Q ¼ P 2 =100; P ≤ 50 ð2a Þ where Q = average annual runoff (in:=year), P = average annual rainfall (in:=year). The "above 50 inches" portion becomes
This proviso avoided unnatural or outrageous results that Grunsky surely foresaw beyond that point. First, if P > 50 in Eq. (2a), then an increment of additional rain calculates more than that increment of additional runoff, an intuitively unreasonable nuance. In the extreme of P ¼ 100, then Q ¼ 100, suggesting no losses, or that all rain becomes runoff.
Gunsky's equations are Eqs. (2a) and (2b), a two-part relationship, originally found for the conditions of central coastal California near San Francisco and marked by a distinct seasonal (or Mediterranean) climate. Given the humble informal origins and its approximate nature, it might also be called "Grunsky's rule-of-thumb." It was not stated as formally as given here, and there was little supporting data offered.
Note that these original statements were in U.S. conventional units (inches), which prevailed at the time, and which enhanced the simple charm via the mnemonically pleasing "percent runoff equals inches." As will be seen, it nevertheless described a natural process, which should hold equally well regardless of the units system. In keeping with current convention, metric units will be used jointly in the following.
Generalization
Insofar as the above was observed for Mediterranean conditions, a generalized hypothesis of Grunsky's assertion should give insights to annual yields and their applications for Mediterranean settings elsewhere. Here, the locations examined are in California, Southern France, and Portugal.
Eq. (2a) and (2b) can be restated generally as
where P Ã and L Ã play the role of the 50 in:=year (1;270 mm=year) threshold rainfall and 25 in:=year (635 mm=year) constant loss held in the original assertion, with the coefficient α fulfilling the role of 1=100 in the algebraic 100Q=P ¼ P original Grunsky's statement, now with the dimensions of mm À1 . Conversion between the two systems is simply αðmm À1 Þ ¼ αðin: À1 Þ=25:4. Thus, in metric units (millimeters) with P in millimeters, Grunsky's local case becomes 100Q=P ¼ P=25:4.
The constant loss L Ã above the critical precipitation P Ã begins where the slope of the P∶Q in Eq. (3a) becomes unity. Thus, differentiating and setting equal to 1, and solving for P gives
From this
and
Thus, for the general case of Grunsky's equation
A plot of the general function for various values of α is shown in Fig. 1 . The quadratic part Q ¼ αP 2 pertains for Q < P=2, and the linear part Q ¼ P À L Ã applies for Q > P=2, as a result of Q Ã =P Ã ¼ 1=2. Knowledge of local data and hydrologic behavior is the hydrologist's stock-in-trade. Thus, insights to reasonable and unreasonable estimates of annual yields can be obtained from specific P∶Q data. The process is simple: with known P and Q values, presumed to be valid and representative, Eq. (7) and Eq. (8) can be solved for α, and from that, L can be solved. However, the two equations represent one continuous relationship, so if fitting with multiple data points exists on both sides of P Ã , then both of the equations can be applied, hopefully with the same value of α prevailing above and below P Ã . It is intended for use with locally based values of α, and at the planning level.
From the above, the coefficient α is a characterizing measure of the watershed's annual water yield response to annual precipitation, with the dimensions of L À1 . That is, it is a runoff response parameter characterizing the watershed and its climate. For Grunsky in the San Francisco area, its value was 1=100 in: À1 (0:000394 mm À1 ). There is also a general ecology interpretation to L and L Ã . To some interests, the component of concern may be the losses, or L ¼ P À Q. This is the water that does not become runoff, but stays on the watershed, and is used via photosynthesis in trees, grass, and crops growth. This process also stores a small part of the incoming solar energy in the chemical bonds of the plants. Some part also goes to evaporation and in some cases to ground water recharge. These are
As modeled in the equations, an important feature of this is that the losses seem to approach a constant with increasing precipitation, here represented by L Ã . A plot of the general function for various values of α is shown in Fig. 2 .
This general theme was recognized by Langbein (1949) in the following: "The numerical difference between precipitation and runoff for a given temperature increases with precipitation, ultimately reaching a constant that represents the limiting or optimum evapotranspiration, which is here considered as governed primarily by the temperature but may be more generally related to such factors as insolation, wind movement, relative humidity, and other climatic elements." Thus L Ã is a joint/related (to α) characterizing descriptor of the watershed and climate.
Grunsky's original application was straightforward and local, and gave no values for α beyond the implied value of 0:01 in: À1 . Indeed, he did not generalize or formalize, and in 1915 he published in the ASCE Transactions (Grunsky 1915 ) a second/revised approximation of a wider California "α" (he did not call it that) of about 0:0089 in: À1 (0:0003504 mm À1 ). This was given as a graph with no data points shown. Grunsky's equation is a simple form of a geographic-regression-regional equation for annual runoff based on annual precipitation.
Grunsky's Equation and Other Regional Water Yield Models
Justin Many others such models have been crafted since Grunsky's time. Justin (1914) was a contemporary of Grunsky, and was concerned with similar matters. Studying streams in the northeastern United States and starting with C ¼ kR 2 , Justin (1914) came to
in which C = annual runoff, in inches, on the watershed (Q here); R = annual rainfall, in inches on the watershed (P here); S = slope of the watershed; and T = mean annual temperature. Inasmuch as slope determines topography, and topography largely determines the character of the vegetal covering, this formula takes into account all the important factors which the writer found to cause variation in transpiration and ground-surface evaporation. This formula has the additional advantage of being based solely on observed data, and is therefore believed by the writer to apply safely throughout the territory for which it was derived. This can be rephrased in terms used here as
With the P 2 term, Eq. (11) is directly comparable to Grunsky's equation with α ¼ 0:934S 0:154 =T. No dimensions are given in the previous direct quote, but later discussion by Horton (1914) shows the area is in mi 2 , the elevations in feet, and temperature in°F. P and Q are stated to be in in:=year. With no upper limits given on P, the Justin paper gives values of k (α here) for watersheds in New York, New Jersey, West Virginia, Connecticut, and southern Canada.
Vogel et al.
Perhaps the most comprehensive effort has been the recent nationwide work of Vogel et al. (1999) , with long-term data from 18 regions in the United States, which used not only P, but temperature (°F) and drainage area (A) for inputs as well in multiple regressions in logarithmic form. For the conterminous U.S., the regression equations for estimation of the mean annual stream flow are of the form
where Q m = estimated mean annual flow (m 3 s À1 ); e = base of natural logarithms; A = drainage area above a point (km 2 ); P = mean annual precipitation for the drainage area (mm=year); T = mean annual temperature for the drainage area (tenths of°F); and a, b, c, and d = region-specific coefficients. The 18 regions used in developing regression equations for the conterminous United States correspond to the hydrologic regions, as defined by the USGS and reported in Seaber et al. (1987) Gifford et al. (1976) .
An analysis of annual runoff from watersheds in the western United States by Hawley and McCuen (1982) led to a series of exponential equations similar to those later developed by Vogel et al. (1999) . Hawkins (1991) showed that annual runoff from 11 river basins in central Arizona could be well represented by Q ¼ 0:004P 2 (using U.S. conventional units). This is clearly in line with Grunsky's precedents, though not a classical Mediterranean climate.
Not surprisingly, temperature seems to be quite important in establishing α. Both Justin's (1914) and Vogel et al.'s (1999) expressions relate runoff and mean annual flow to temperature, consistently reinforcing the general role of temperature as inverse to runoff. The Hawley-McCuen equations (1982) do not contain temperature itself, but do include basin elevation as a positive item in several expressions, reflecting the negative relationship generally found between elevation and temperature.
California α Values Extended
In a study of geologic sedimentation and fault movement in California, Kolterman and Gorelick (1992) summarized the longterm runoff and climate of coastal streams from the Smith River in the north to the San Luis Rey River in the south. The digital data were not included in their journal paper, but was scaled from plots provided, and is shown in Table 2 . From these representative California P and Q values, Eq. (7) and Eq. (8) were solved for α value for each of the basins, and from that, L values where obtained. While this gave a wide scatter of α, it was found to be very closely associated with the average annual temperatures T (°C) via the equation This is presented in Fig. 3 , with r 2 ¼ 0:894 and SE ¼ 0:000039 mm À1 . A strong fit from such a wide range of sites suggests an underlying hydro-climatic relation that might be extended to broader application. However, insofar as these were all for a distinctly seasonal climate, caution would restrict its application only to other sites of such characteristics.
Thus, the hypothesis here is Grunsky's general model [i.e., Eqs. (7) and (8) 
Tests of the Generalized Mediterranean Water Yield Model
Mediterranean-type climates are found in the territories fringing the Mediterranean Sea, in California, Central Chile, and the southernmost strips of South Africa (Cape Province) and Australia. According to Nahal (1981) , it is a climate where "rainfall is concentrated in the cold or relatively cold seasons of the year, summer, the hottest season, being dry." Similarities are not restricted to climate trends, but also reflected in the physiognomy of the vegetation, in land use patterns, and frequently in the general appearance of the landscape (Di Castri 1981).
Southern France
A limited test of the Mediterranean generality hypothesis model established with Eq. (14) was enabled with composited data from 4 small watersheds at the Collobrier site in southern France, described in Andréassian (1992) . The Réal Collobrier research watersheds are located in the Maures mountains, approximately 6°20′E and 43°15′N, 20 km from the harbor of Toulon on the Mediterranean Sea. The subwatersheds are the drainage basins #5 (Valescure), #6 (Mauarets), #7 (Vaubarnier), and #8 (Rimbaud). Data were dailyrunoff time series and temperature from the weather station of Collobrières (Table 3) . Computations were made using the water between 1969 and 1988 for the precipitation-runoff, and 1970 to 1983 for the temperatures. Using the Collobrier P and Q, α is found to be 0:0003533 mm À1 (0:008974 in À1 ). Using Eq. (14), based on temperature alone, α value also calculates to 0:00036000 mm À1 (0:0091440 in À1 ), falling very close to the California trend line (Fig. 3) .
Portugal
More tests were done on data from 12 watersheds (Table 4) Table 2 . Average Annual Precipitation (P), Runoff (Q), Area, Temperature (T), and α for California Coastal Watersheds from Kolterman and Gorelick (1992) Scaled Data Precipitação). Table 4 includes the calculated α values using the P∶Q parameters and the generalized Grunsky's equations. Test of the Mediterranean generality hypothesis model with the Portugal watersheds data provided for α values, based solely on the analytical Eq. (14) for temperature. The predictive power of the model is shown in Fig. 4 , where the observed Q values from France and Portugal watersheds are regressed against Q values calculated from the proposed Grunsky's generalized Mediterranean water yield model. With a r 2 ¼ 0:89 for the Portugal watersheds, and the France watershed value falling very close to the 1∶1 line, the good fit from such a wide range of sites allows for extending the model to Mediterranean basin encompassing the range of temperature and precipitation of the studied sites.
Application
With one distinct group of watersheds for the calibration of the Mediterranean model and another for validation, the generalization of results from our experimental watersheds to other areas, or to other ungauged catchments in the same regions, looks possible. From the generalized Mediterranean water yield model to a hypothetical ungauged Mediterranean watershed with long-term average temperature of 12.6°C and 570 mm, annual rainfall will correspond to a α value of 0:0003 mm À1 from Fig. 3 . From Fig. 1 , the watershed is expected to yield 90 mm=year in runoff and, from Fig. 2 , 473 mm=year that stay on the watershed, and is used via photosynthesis for vegetative growth of trees, grass, and crops. This process, as stated, also stores a small part of the incoming solar energy in the chemical bonds of the plants. Some part also goes to evaporation and, in some cases, to ground water recharge. Thus the losses, represented here by L Ã , are a joint/related (to α) characterizing descriptor of the watershed and climate. It may be used to evaluate the impacts of climate change on water yield. Additional watershed data from other Mediterranean regions is needed to fully validate the parameter's explanatory equations.
The proposed model gives insight about watershed rainfallrunoff relations driven by long-term annual mean temperature and does not thoroughly include in its development the potential effects of other watershed characteristics, such as land cover, or other meteorological factors, such as solar radiation. It is well known that watershed hydrologic responses are best described by climate (precipitation and evapotranspiration) and topographic features (Sun et al. 2001) , with the redistribution of energy across latitude and elevation gradients resulting in distinct land cover communities also affecting the hydrologic processes and responses (Calvo-Alvarado and Gregory 1997; Lu et al. 2003; Sun et al. 2005) . As in the study, watershed actual losses (L) via evapotranspiration (ET) are controlled by precipitation and temperature, but also by potential evapotranspiration and vegetation ET characteristics (e.g., leaf area, transpiration rate per leaf area, species composition, tree age, and canopy interception capacity) (Sun et al. 2008) . However, the parsimonious approach here relies on its transparency and simplicity to present valuable opportunities for the comparative study of other Mediterranean basins, and the regionalization of hydrological model parameters for comprehensive watershed planning procedures.
It should be noted that the model applies to long-term averages, not individual years, though some similar trends can be found. In addition, only watersheds (21 to 81;000 km 2 ) encompassing the range of temperature (9 to 18°C) and precipitation (385 to 2,770 mm) of the basins analyzed in the study have been used. Smaller watersheds may have local idiosyncrasies related to geologic or geographic or boundary happenstance (e.g., faults, springs, lakes, and swamps) that create nonrepresentative water budgets. Large watersheds are a collection of smaller watersheds, and the quirky variety of behaviors of small watersheds is averaged out. This smoothing is the rationale for compositing the four Collobrier watersheds in the above discussion. 
Conclusions
The problem of water yield from ungauged watersheds that faced planners looking to enhance local water supply on the San Francisco peninsula in the early 1900s was equated by Grunsky in his complete two-part relationship, which we call here Grunsky's equations. Grunsky's original application was straightforward and local, and gave no values for α beyond the implied value of 0:01 in:
À1 . Given that the above was established for a specific set of conditions (i.e., the lands and climate found locally in the San Francisco area), an extended statement of Grunsky's equations was formulated and applied to California coastal streams. Plots of the general functions for various values of α, the coefficient characterizing the watershed's annual water yield response to annual precipitation, are presented here. Found to be very closely associated with the corresponding watershed average long-term annual temperature, a Mediterranean model for α is also proposed. A link was established between the Mediterranean α model and the generalized Grunsky's equations, leading to development of a generalized water yield model for Mediterranean watersheds. Its main advantage, similar to Grunsky's approach, relies on its transparency and simplicity, enabling extending and transferring hydrological predictions from one Mediterranean area to another. By virtue of simple rainfallrunoff relationships, Mediterranean watershed water yields can be assessed, with the loss portion conveniently fitting meaningfully into concepts of general ecology, such as water use by resident vegetation. The predictive power of the model was validated using Mediterranean watershed data from southern France and Portugal.
